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Abstract 
In this paper, the running performance and its environmental impact of the integrated spray drying and incineration 
demonstration project were studied for more than 30 days and presented. With the process of industrial-scale 
installation (with capacity of 600t/d) for dying sludge treatment being in operation, the stability and reliability with 
high degree of automation in the long run time were observed. The spray drying tower, which was designed to dry the 
wet sludge by directly contacting with the high temperature gas, was specially monitored and found that it can keep 
running with high security, without dust explosion and harmful volatile organic gases released risks. The exhaust and 
smoke were also determined and results indicated that the pollutants were well-controlled to meet the related national 
standard (GB18485-2001) including sulfur dioxide, nitrogen oxides and hydrogen chloride as well as mercury and 
lead. Much attention should be paid to the dioxin that the emission concentration was even lower than that of the 
European Union Criteria. The most important for this technology is that there is no fly ash emitted. This is the 
distinguished difference from other incineration processes. Leaching test regarding incineration slag did not show as 
much pollution of heavy metal. All of the above showed that this technology had not much effect on environment and 
proved it successful application in China. 
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1. Introduction 
By the end of 2009, the total amount of sewage sludge (with 80% moisture content) produced in China 
was statistically about 20,050,000 tons/year and is increasing apparently[1]. Sludge is an organic solid, 
semi-solid, or liquid by product of the wastewater treatment process. Sludge characteristics vary 
depending on each treatment facility’s wastestream and the processes that are used. Presently, only a 
small quantity of sewage sludge from municipal wastewater treatment plants were treated appropriately 
by land filling, composting or incineration to be of stabilization, reduction and harmlessness. The rate of 
disposal was less than 10%[2], which result in the environment problems. 
Incineration is a sludge disposal option that involves the firing of sludge at high temperatures in an 
enclosed structure and regarded as one of the best applicable techniques in developed countries, such as 
Europeans, America and Japan. This process reduces the sludge to a mass of ash that is less than 20 
percent of its original volume, eliminates some environmental and health problems by destroying 
pathogens and toxic organic chemicals. With the stringent demands on the time and space involved in 
solid disposal all over the world, sludge incineration has become the main technology. Researches on 
sludge incineration in China were conducted in recent years. However, great progresses were made by 
domestic institutes. The distinguished process of the novel integrated sludge spay-drying and rotary 
incineration, which was developed by Tsinghua University and Zhejiang Huanxing machinery limited 
company, has been applied to build a few sludge incineration demonstration projects. The equipments 
utilized in the projects were all supplied and made in China which greatly reduced the investment and 
running costs.  
The objective of this paper is to determine and assess the stabilization, safety and performance of the 
demonstration project with capacity of 600t/d for treatment of dying sludge from wastewater treatment 
plant in Shaoxing, Zhejiang Province. In this paper, the stabilization and reliability of the process were 
evaluated by analyzing the online data. The safety and dust explosion possibility of the spray drying 
tower were assessed. Even the environmental impact and pollutant controlling effect of the system were 
also determined through monitoring the heavy metal, dioxin and exhaust gas. 
2. Demonstration description 
2.1. Process description 
This new thermal process of spay-drying and rotary incineration for sludge disposal includes: sludge 
preliminary treatment system, spay-drying, rotary incinerator, flue gas purification system, heat and wind 
supply system, ash and slag collection system, coal store system and others. 
The dewatered sludge was pumped at a high pressure and sprayed to drizzles at 30-500Pm at the top of 
the spay-drying tower, where it contacted directly with high-temperature flue gas (> 500ć), and dried 
through thermal exchange to particles with less than 20% moisture content [3]. The cooled exhaust gas was 
drawn into the purification system, including cyclone separator, bag filter, flue gas cleaning and the 
chimney, to remove the most ash particles, heavy metals, acid gases to meet the discharge standards. The 
dried sludge particles together with ash will be conveyed to the rotary oven to be incinerated. The flue 
gases produced in oven were transported to the secondary combustion chamber to be heated to a 
temperature of more than 850ć for more than 2.5 seconds [3]. The high temperature flue gas would be 
cooled to about 500ć by mixing with ambient air and be transported to the top of spray-drying tower. 
The non-combustible in the oven, which their loss on ignition is less than 5%, is retained and conveyed to 
the slag tank to be recycled as construction materials. 
The important parameters of some key installations in this project are described as follows: 
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Two spray-drying towers were designed and used with its diameter of 9.5m, height of 52m. 8 spray 
nozzles were equipped on the tower, of which four were used and other four backup. In order to spray the 
sludge, the amount of depressed air was 10 m3/min, the pressure 4 kg/cm2.  
Paralleling with spray-drying towers, two rotary kiln ovens were also equipped with its net diameter of 
3.0m, length of 21m, slope of 1eand rotary speed of 1~3 r/min. The retention time of sludge in rotary 
kiln was about 20 to 60 minutes. 
The secondary combustion chamber was constructed to ensure the temperature no less than 850ć and 
flue gases remaining for more than 2.5 seconds. It has a height of 23 m, the bottom diameter of 3.5 m, the 
top diameter of 2.4 m, and the thicken of the wall of 0.58 m. 
2.2.  Sludge characterization 
The dewatered sludge are all produced from the Shaoxing wastewater treatment plant located in 
Zhejiang province, which is the largest complicated plant in China with capacity of 80 million tons per 
day including 80 percent dying wastewater and 20 percent municipal sewage. The production of 
dewatered sludge arrived at 3,000 tons per day. The moisture content of the dewatered sludge treated in 
this project ranges from 81% to 91%. The low calorific value (LCV) of the raw sludge was determined at 
3110̚3460 kcal/kg, and the sulfur content is about 4.6% (as SO3). Unlike the sewage sludge, due to the 
dying characteristics, some heavy metals such as copper, zinc and chromium, and complex compounds 
with functional group of NO2 or NH3 are also found in the sludge, which would have bad effects on 
ecology and human health. 
2.3.  The location of sampling points 
 
(A: Chimney, B: inlet of the scrubber, C: inlet of bag filter, D: inlet of cyclone separator, E: fly ash collected by bag filter, F: fly ash 
by cyclone separator, G: dried sludge from spray-drying tower, H: slag from rotary kiln and secondary combustion chamber, I: 
discharged wastewater from scrubber, J: dewatered sludge tank) 
Fig. 1 the location of sampling points 
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Based on the flow chart, the monitoring positions were established and located (see Fig. 1) to assess 
the process: (1) to investigate the stabilization by analyzing the temperatures of different part, (2) to 
evaluate the safety by analyzing the temperature and TVOC concentration inside of the spray-drying 
tower, (3) to determine the pollutant control efficiency and environmental effect by measuring the 
emission concentrations of flue gases (HCl, NOx, SO2, dust, CO, heavy metals, dioxin and furans, et al.).  
3. Performance assessment 
3.1.  Stabilization of the process 
It is well known that temperature is the key factor impacting the sludge drying and incineration. 
Remaining temperature stable and high enough is the insurance to keep the sludge incineration running 
well. Therefore, the temperatures at different stage of the process were continuously monitored for no less 
than 30 days in order to test the performance. The results were shown in Fig. 2 and indicated that over the 
testing period, the temperatures at rotary kiln inlet, secondary combustion chamber inlet, spray-drying 
tower outlet and bag filter outlet changed slightly and kept stable. It is obvious that the temperature at 
secondary combustion chamber kept over 850ćˈ which satisfied the incineration requirements. 
However, the flue gas temperature at spray-drying tower inlet had certain turbulence due to the unstable 
moisture content of initial sludge and the cool air addition. The temperature at spray-drying tower inlet 
was controlled above 500ć to avoid the dioxin pollutants being formed during cooling down. The flue 
gas temperature at spray-drying tower outlet was about 100ć, suggesting that 80% of the heat recycled 
rate was achieved. 
The good stabilization of the performance was achieved because of the advanced, safety and reliable 
automatic control system, which was designed and configured. By using this system, the operators are 
able to master the practical operation of most installations, so that some problems could be solved as early 
as possible, which enhanced the system to be maintained and fixed. It can be seen from the practical 
running that this sludge spray-drying incineration demonstration has not only meet the requirement of 
technology but also arrived at the advanced level regarding of the automation system. 
 
 
Fig. 2 temperatures at different stage along with the process 
437 Cuiping Wang et al. /  Procedia Environmental Sciences  16 ( 2012 )  433 – 442 
3.2. Dust explosion risk assessment 
The drying process produces an explosible dust and the finished product can self heat leading to a 
smouldering fire. Therefore, a risk assessment needs to be carried out. Based on the previous studies, 
critical properties for the dried sludge need to comply with the requirements of dust explosion conditions 
as described as follows[4-6]: Firstly, the minimum explosible concentrations (MEC) for sludge has been 
measured as low as 60 g/m3; Secondly, the limiting oxygen concentration (LOC) are quoted as high as 
15%; Thirdly, data for minimum ignition temperature (MIT) ranges from 360-550ć; Fourthly, the dust 
must remain suspended status to form dust cloud; finally, the dust cloud would keep in a closed space. 
Dust explosion can be avoided when one or more than one conditions listed above could be eliminated. 
Some consideration was given to monitoring the sludge properties in spray-drying tower. The 
sampling position was shown on Fig. 3. Results showed that the measured dust concentration was as high 
as 5g/m3. Even though all of the products were accounted as dust, the maximum dust concentration was 
calculated of 43.2g/m3, which is lower than the MEC. The temperatures for the dust along with the tower 
were measured to be below 200ć (see Fig. 4), which does not arrive the MIT. Because the high 
temperature flue gas contacted directly with the sprayed wet sludge in parallel and fall together from top 
to bottom, the products could not keep the suspended status. Thus it can be seen that the spray-drying 
tower for sludge has no risk of dust explosion due to some conditions not suitable for the explosion 
requirements. 
3.3. Efficiency assessment of the spray-drying tower 
For the spray-drying tower, the temperature of the inlet flue gas is the important factor for the direct 
contact drying method, which affects the drying efficiency. If the temperature was lower than designed 
requirement, the products would has a higher moisture content, which will results in the increasing of the 
fuel consumption and the slag formation in the rotary kiln. If the temperature was higher than designed 
requirement, the outlet flue gas would have a high temperature to enhance the corrosion of the gas 
cleaning installations. In this demonstration, the inlet flue gas was designed to range from 450-600ć and 
the outlet about 100ć. Data for the practical performance (see Fig. 2), the inlet temperature ranges from 
450-570ć and outlet about 100ćˈboth of which meet the requirements to ensure the efficiency and 
stabilization of the drying system. 
The characteristic of the temperature in the spray-dryer was investigated in this paper and as shown in 
Fig. 4. The temperature dropped rapidly from above 450ć to below 200ć in 2m distance from tower top 
and the moisture content of the sludge dropped from 83.11% to 53.66%, which indicated that the surface 
water in sludge was evaporated instantly when the high temperature flue gas contact directly with sprayed 
wet sludge. With the extending of the contact time, the temperature only reduced about 100ć in 30m 
distance to be likely stable. However, the moisture content appeared dropping firstly, and then increasing, 
forming a different trend with that of the temperature. This is because the evaporation had a strong 
function than water adsorption as the sludge dropping, which resulted in the humidity increasing. When 
the temperature arrived at almost stable, the water adsorption was beyond the evaporation with the sludge 
dropping and contributed to the moisture content increasing. It can be proved by the humidity monitored 
to be about 55%, 56% and 58% at 1#, 5# and 7#, respectively. 
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Fig. 3 sampling position for the spray-drying tower     
 
Fig. 4 Characteristics of the temperature and moisture content for sludge in the dryer 
3.4. The characteristic of the TVOC in the spray-dryer 
Recently, discharge of volatile organic compound in the sludge drying process was concerned due to 
the complex composition in sludge. The characteristic of the volatile organic compounds produced in the 
spray-drying tower should be paid more attention due to the direct contact between the high temperature 
flue gas and sprayed sludge. In this study, the total volatile organic compounds (TVOC) were measured 
to be analyzed, as shown in Fig. 5.  
Independent on the height of sampling points, the concentration of the TVOC in the spray-drying 
tower ranges from 0.01mg/m3~0.025mg/m3, greatly below the Chinese Indoor air quality standard of 
0.6mg/m3 (GB/T 18883-2002)[7]. Since there is no discharge standard of TVOC or TOC in china, the 
TVOC concentration is compared with Directive 2000/76/EC and also below the VOC emission limit 
value of 10mg/m3. These indicated that volatile organic compounds were not eliminated vastly when the 
sprayed sludge was dried by fully contacting with high temperature flue gas. 
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Fig. 5 characteristic of TVOC in the spray-drying tower 
4. Pollutants emission profiles 
A number of hydrocarbons, dioxins, acidic gases and metals may be emitted during combustion of 
sludge materials. Cadmium and lead were frequently emitted in the exhaust of several systems [8]. 
Facilities are often equipped with different air pollution control devices to prevent the serious secondary 
pollution. For this demonstration project, the cyclone separator followed by bag filter and scrubber with 
NaOH and water was adopted to clean the exhaust. In order to estimate the removal efficiency, the usual 
discharged pollutants through chimney were monitored. Dioxins profile of the exhaust was studied. 
Investigation of the slag residues from the system was also conducted. 
4.1. pollutants emission 
Table 1 was listed to give the discharge concentration of the pollutants in the exhaust from chimney. 
Apparently, all of the indicators met the requirements of the emission standards of GB18485-2001. 
Table 1 pollutants discharge concentration    ˄unit˖mg/m3˅ 
pollutants Dust SO2 HCl NOx Hg Cd Pb CO Ringelmann  
concentration 26.9 231 12.7 380 0.0043 0.016 0.164 94.1 gradeĉ 
Emission Standard 
(GB18485-2001) 
80 260 75 400 0.2 0.1 1.6 150 gradeĉ 
Note: data were calculated emission concentration at the standard percentage oxygen concentration of 11%; Limit of detection 
(LOD) is below 1.5*10-5L. 
Cyclone separator, as pretreatment, is the typical device used to remove the dust with the diameter of 
5~10Pm in order to reduce the load for protecting the post installations. Bag filter is also widely utilized 
to collect dust ranging from 0.5~1.0Pm as secondary treatment for particles. Through these two particle 
collectors, the dust concentration was reduced from above 3700 mg/m3 to 167.9 mg/m3, achieving up to 
95.5% removal efficiency. Finally, part of dust was washed away by scrubber and the discharge 
concentration met the standard. Meanwhile, with the removal of dust, most metals carried away in the flue 
gas were also captured and enriched in fly ash [9-12]. 
Acidic compounds in the flue gas including SO2 and HCl are conventionally adsorbed by adding alkali 
chemicals in the scrubber. In this demonstration project, it is proved that the operation of the scrubber 
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determined the acidic compounds level in the exhaust gas. The concentrations of SO2 and HCl in the 
condition of without adding chemicals were 26 times and twice of those in the condition of adding alkali, 
respectively, which can be resulted from the addition of flocculating agents containing sulfur or chlorine 
elements to the wastewater treatment process. From the environment point of view, some suggestions 
were given to reduce the addition of such flocculation agents if the sludge was considered to incineration.  
4.2. Dioxin characteristic 
Concerns about the potential adverse environmental impact of polychlorinated dibenzo-p-dioxins 
(PCDD) and polychlorinated dibenzofurans (PCDF) hampered the public acceptance of incineration for a 
long time. According to the two principle mechanisms of the so-called De Novo synthesis[13, 14] and a 
dimerization pathway[15], PCDD/F were investigated and generally appear both in solid particles and in 
gaseous phase[16, 17]. A test was carried out in this paper with the specific goal to investigate the 
characteristic and distribution of Dioxin in this demonstration plant in the fly ash and in emission gas. 
In this process, bag filter followed with activated carbon was adopted to remove the dioxins. The 
concentrations at the inlet and outlet of bag filter were 0.070ngTEQ/Nm3 and 0.025ngTEQ/Nm3, 
respectively. The removal efficiency of bag filter was calculated at 64.3%, which is higher than 39.7% 
achieved by Jin [18]. Then the fly ash collected from cyclone separator and bag filter was also detected and 
found in concentrations of 32ngTEQ/kg and 100ngTEQ/kg, respectively. So high content of dioxin in fly 
ash makes it the most toxic pollutants and would have severe health effects, such as immune, endocrine, 
carcinogenic to human beings if emitted to ambient. Fortunately, it can be avoided through the unique 
design of conveying the fly ash and dried sludge particles in a closed condition to the rotary kiln furnace. 
Therefore, the discharged flue gas was simultaneously measured in the content of 0.017ngTEQ/Nm3, 
meeting the standards of Chinese GB18485-2001, even lower than 0.1ngTEQ/Nm3 of Directive 
2000/76/EC. Although the original sludge fed in this incineration process was from dying wastewater 
treatment plant and has already been categorized as hazardous waste, the concentration of Dioxins in the 
emission flue gas is unlikely to threat the public health. It can be explained that the sulphur occurring in 
the sludge (up to 4.6%) inhibited the formation of PCDD/Fs [19-21]. 
4.3. slag identification 
Incineration slag, which can be reused as secondary construction materials, usually contains a low 
concentration of heavy metals, especially volatile species such as Pb, Cd and Zn[22]. Generally the 
distribution of heavy metals in incineration slag is affected by many factors including combustion 
temperature, furnace type, capacity, residence time, etc [23, 24]. This work sampled the slag and investigated 
the composition of heavy metals. The concentration of Zn was in the range of 2200-3500mg/kg, the 
highest portion of toxic elements tested in the slag. Cu was the second major element in mass content of 
702-790mg/kg. Total Cr and Ni were the third elements, ranging from 402 to 418 mg/kg and from 406 to 
484 mg/kg, respectively. Pb was found in concentration of 70.7-121 mg/kg. The remainder elements of 
Cd and Hg were the lowest portion and appeared in concentrations of 1.44-2.96 mg/kg and 0.3-0.46 
mg/kg, respectively. However, the toxic element of As appeared significantly fluctuation in concentration 
of 32.3-631mg/kg, which should be taken into account.  
Extraction toxicity should be identified before the slag would be reused. As shown in table 2, all of the 
toxic metals were investigated in concentrations lower than the extraction toxicity standards, illustrating 
that the slag is safe enough to be recycled as building materials.  
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Table 2 comparison of slag extraction toxicity with standards    (unit: mg/L) 
 Cu Zn Pb Cd As Hg TCr Ni 
slag 0.039 0.071 <0.07 <0.04 0.08 <0.0001 <0.05 1.87 
Extraction toxicity standards 
(GB5085.3-2007) 100 100 5 1 5 0.1 15 5 
5. Conclusions 
Investigation and determination of the integrated Spray-drying and incineration demonstration plant 
with 600 ton/d for the dying sludge put in evidence that there were no risk of dust explosion and TVOC 
released in the spray-dryer, the whole process remained safe and good operation regarding to the stable 
temperatures at different stages. The flue gas cleaning system adopted in this project has brought to the 
high removal efficiencies of more than 95% for dust and SO2, and other parameters meeting the standards 
of GB18485-2001. Extremely, the dioxins present in exhaust gas were in the concentrations lower than 
0.1ngTEQ/Nm3 and the slag could be recycled as secondary building materials regarding to the low 
extraction toxicity.  
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